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EFFECTS OF TURBULENCE STIMULATORS ON THE BOUNDARY LAYER AND 
RESISTANCE OF A SHIP MODEL AS DETECTED BY HOT WIRES 


by 


John P. Breslin and Morris S. Macovsky 


ABSTRACT 


An experimental study has been made of the effects of various methods of stim- 
ulating transition from laminar to turbulent flow in the boundary layer of a 25-foot 
tanker model. A hot-wire velocity instrument has been applied to determine the nature 
of the flow in the boundary layer. Qualitative and quantitative analyses of the results of 
the hot-wire surveys with a 1/8-inch rod, a 0.032-inch trip wire and a 7/8-inch fine- 
grain sand-strip used separately as stimulators are given. The theory of the stability 
of laminar flow which is briefly reviewed is used for qualitative interpretation of the 
boundary-layer flow found for the various test conditions. Expected increases in model 
resistance, because of stimulation as computed from hot-wire data, show good agreement 
with actual measured increases detected on the towing dynamometer when reasonable 
corrections are applied to the resistance data. The results of this study show that the 
hot-wire method is well suited to boundary-layer investigations in water, that the extent 
of laminar flow on the 25-foot model gives rise to a serious error in model resistance, 
and that measurable differences in the effects of various stimulators on the boundary- 
layer flow and on the model resistance can be determined. No conclusive decision can 
be reached as to the best stimulator, however, as a result of this study. 

Details of the hot-wire theory as applied to measurements in water are given 


in the appendix. 


INTRODUCTION 


A frictional-resistance research program has been initiated at the 
David Taylor Model Basin? to secure a thorough understanding of the frictional 
resistance of ship models. To this end, a program of fundamental research was 
set up and the development of special equipment undertaken. This program pro- 
vides for the study of boundary-layer phenomena, first under simple conditions 
on flat plates and later on more complicated forms. During the period in 


) 
+References are listed on page 39 of this report. 
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which the required equipment was being built it was decided to develop a qual- 
itative technique for outlining the regions of laminar, transitional, and 
turbulent flow on a ship model. 

It is well known that laminar flow gives rise to smaller shearing 
stresses than turbulent flow at the same Reynolds number, and hence, that a 
resistance test of a model With a laminar layer over a portion of the wetted 
surface gives drag measurements from which the power predictions for the pro- 
totype may be seriously underestimated. It is also well known from wind- 
tunnel investigations and from theoretical studies on bodies of aerodynamic 
interest that the extent of the laminar region depends strongly upon the pres- 
sure distribution and hence the shape of the forebody. Consequently, mislead- 
ing results might possibly be obtained from drag tests of several models repre- 
senting, say, competitive bow lines for a ship or a geometric series of lines 
of varying forebody fullness because of the unequal laminar effects on each 
model. 

Ship-model experimenters have long realized that such conditions 
prevail for small models and employ various devices to stimulate the boundary 
layer to secure a turbulent layer over the entire model. Evaluation of the 
effectiveness of the stimulators is made only by interpretation of the char- 
acter of the resistance curve. Few attempts have hitherto been made to in- 
vestigate the boundary-layer flow itself to ascertain the effectiveness of the 
stimulator in producing turbulent flow over the entire wetted surface. Large 
ship models (16 to 30 ft) have been used for years at the larger model basins 
to avoid the difficulties of laminar flow encountered with small models. 

Those experimenting with large models have believed that the model size and 
hence the Reynolds numbers were great enough to make negligible the effects of 
any possible laminar flow. However, recent studies have revealed that full- 
form models, even as long as 25 ft, have considerable laminar flow and that 
the resulting error may range from 2 to 10 percent of the power required by 
the ship even at designed speed. 

The immediate problem of this project was to devise some method of 
detecting the extent of the laminar, transitional and turbulent flow over the 
surface of the model. Having accomplished this it would then be possible to 
assess the value of various devices which may be used to induce artificially 
a turbulent boundary layer over the entire model. Several schemes were pro- 
posed including chemical and photographic techniques but the hot-wire method 
seemed to hold the most promise and has accordingly been pursued. This method, 
which will be described, has been used to survey the boundary-layer flow on a 
tanker model under various conditions of turbulence stimulation. The results 


of these surveys are compared with the results of drag measurements of the 
model under the same conditions orf boundary-layer stimulation. 


BOUNDARY LAYER SURVEY OF MODEL OF AN OIL TANKER 
DESCRIPTION OF MODEL 


In order to investigate the extent of the laminar boundary-layer 
region, a model of a full-form ship was selected for survey. A 25-foot model 
of a 600-foot tanker was selected because drag measurements on this model had 
given strong indications of the existence of laminar flow over a considerable 
portion of the wetted surface. It may be seen in Figure 1 that the vessel 
has full lines, the longitudinal prismatic coefficient being 0.753. The de- 
sign Froude number » = is 0.208—which gives a ship speed of 17.3 knots—where 
U is the ship speed, L is the length and g is the gravitational acceleration. 
The linear ratio of ship to model is 24, whence, following Froude's law of 
comparison, the corresponding model speed is 3.53 knots. 


DESCRIPTION OF APPARATUS AND TEST METHODS 


The constant-current hot-wire technique has been applied in this in- 
vestigation to determine qualitatively the nature of the boundary-layer flow 
over the tanker model. The theory of the hot wire is briefly reviewed in the 
appendix of this report. 

As shown in the appendix a wire placed in a flow and heated by a 
"constant" current produces a voltage drop which is a function of the square- 
root of the velocity. Hence, velocity fluctuations of turbulence will be re- 
flected as voltage fluctuations in the circuit. A thorough treatment of the 
theory and application of the hot wire in air has been written by Schubauer 
and Klebanoff .* 

The particular electrical circuit adapted to this investigation is 
illustrated in Figure 2a. Hot wires mounted on probes of the type shown in 
the photograph in Figure 2b, were separately connected to 4 circuits of this 
type. Each wire was heated by a current of 0.18 amp drawn from a 12-volt 
heavy-duty storage battery. This current, which was kept substantially con- 
stant, was sufficient to give a wire temperature 60° F greater than the ambi- 
ent water temperature, which over the period of testing varied between 72° 
and 74° F. As shown in the sketch of the circuit the voltage drop across the 
wire was fed into a TMB Type-3A current amplifier, the output of which was 
used to drive 4-milliampere galvanometers in a Consolidated oscillograph. 
Galvanometer responses were recorded photographically. The responses-of as 
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Amplifier 


TMB Type 3-A 


Consolidated 
14 - Channel 
Oscillograph 


TMB 41302 
_ Figure 2a - Circuit Used for Boundary-Layer Survey Figure 2b — Hot Wire Probe Showing 
Plastic Handling Piece 


Figure 2 


many as 14 hot wires may be recorded simultaneously by this oscillograph but 
in this test only 4 channels at most were used at one time. 

For this qualitative application of hot wires, neither calibration 
nor compensation for thermal-lag of the wires was attempted. In spite of this, 
a given wire reproduced relatively the same oscillogram for the same con- 
ditions, and repeated runs reproduced the same over-all boundary-layer "pic- 
tures" even after many hours of testing with the same wires. The problems of 
calibration and of compensation for thermal lag, as they arise in applying 
this technique to water measurements, are described in the appendix of this 
report. ; 

For maximum sensitivity a wire must be placed perpendicular to the 
mean velocity of the flow. To find this direction at each of the 36 positions 
at which hot wires were to be installed, a single tube was inserted at each 
location and a lines-of-flow test was run at a mean speed of 1./5 knots. Fig- 
ure 3 shows photographs of the result. The direction of the flow having been 
determined at each location, a line through the center of the tube was drawn 
perpendicular to the direction of flow. The second tube or socket for mount- 
ing the probe was located along this line, see Figure 4. A sketch showing how 
the wire is located with respect to the surface and a computed boundary-layer 
thickness is given in Figure 5. (The boundary-layer thickness is calculated 
from Equation [20], page 32.) The general arrangement of the probes may be 
seen in the photograph of Figure 6. The location of the hot wires and the 
angles of the mean flow at each wire are given in Table 1. 
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Figure 3a - View of Starboard Side at Bow which Shows 
Flow Lines Passing Over the Bilge 
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Figure 3b - View of Starboard Side Forward of Amidships 


Figure 3 - Flow Lines Determined by Hydrogen Sulphide-White Lead 
Technique for Orientation of Hot-Wire Probes 


The model was first towed with all probes in place but only the out- 
puts of the wires in the first column were recorded, since the flow over the 
wires aft of these was found to be affected by the turbulent wake of the for- 
ward probes. After running through the complete schedule of speeds, the lead- 
ing 3 wires were removed, the wires in the next column were connected to the 
recording circuit, and the schedule of conditions repeated. This process was 
continued until a station was reached where all the wires showed turbulent flow 
at the lowest speed of interest, 0.5 knot. 


Model painted with white 
lead prior to test 


Bow of Tanker with Typical Flow Trace from Lines of Flow Test 


Position of Second Tube or Socket 


for Hot Wire Probe which Orients e Tangent to Mean 
Hot Wire Perpendicular to the Mean Streamline 
Flow 
ey eon 
022 


Mean 
Streamline 


Brass Tube Inserted 
Flush to Hull Surface 
0.060" 0.0. 0.035" 1.D. 


Lead Sulphide Stain 


Enlargement of Hull Surface at Point where Hydrogen Sulphide 
is Ejected at a Fixed Towing Speed 


Figure 4 - Technique Used for Orientation of Hot Wire at 
Selected Positions on Tanker Model 


Classification of the flow at a probe is accomplished by interpret- 
ing the signal obtained from the probe. Typical "signatures" of laminar, 
transitional, and turbulent flow are shown in Figure 7. It may be seen that 
transition extends over a range of speeds, or more properly, of Reynolds num- 
bers. These are based on a length measured from the bow along the half-draft 
water line to the start of the transition region. Furthermore, the occurrence 
of the turbulent bursts within the transitional range steadily increases until 
the flow becomes completely turbulent. There is another flow condition which 
for brevity has been omitted in Figure 7 and is represented in detail in Fig- 
ure 8. This flow is laminar with low-frequency oscillations and is similar to 
the "laminar oscillations" observed in the boundary layer of a flat plate by 
Schubauer and Skramstad® except that the oscillations in Figure 8 are much 
more random than those reported in the earlier investigation. These laminar 
oscillations grow in magnitude and increase in frequency with increase in 
speed at a given point in the boundary layer until turbulent bursts occur. 
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(TMB Model 4083) 
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eo 
Boundary Layer Thickness 


Estimated from Flat Plate Theory. 


ee Horizontal Section Looking Down from Topside Full Scale : 


Figure 5 - Details of Removable Hot-Wire Probe 
Used on Tanker Model 


Thickness of laminar boundary layer computed from Equation [20] on page 32 for 
a position 3 ft from bow at a speed of 1.0 knot. 


The first occurrence of turbulent bursts as shown in Figure 8 is taken as the 
onset of transition. In some instances it is difficult to distinguish between 
large laminar oscillations and low-frequency turbulence.* This uncertainty 
might be resolved by making a pitot-tube survey to determine if the mean ve- 
locity profile is laminar or turbulent. Although no pitot-tube surveys were 
conducted on this tanker model, plans are underway to substantiate the how- 
wire response to boundary-layer flow on a flat plate by simultaneous measure- 
ment of the boundary profile with total-head tubes. In any event, it is 


*Records of this type were not common and were obtained at low speeds from wires placed far back 
on the hull. 


TABLE 1 


Offsets and Orientation of Hot-Wire Probes on Tanker Model 


The model length is 25.5 feet and draft is 15.7 inches 


Probe x y ) Probe xX y iS) 
Number inches inches degrees Number inches inches degrees 
5.62 1250 6 19 62.40 1360 0) 
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Definitions: 


x is the arc-length along a water line from the stem of the model to the hot-wire end of probe. 


y is the height of the hot wire above the base line. 


@ is the angle of the flow with respect to a water line; taken as positive when flow is di- 
rected toward the bottom. 


expected that the determination of the extent of the laminar region by means 


of the hot-wire response alone is sufficiently accurate for the present quali- 
tative study of the-effects of various stimulators on the boundary-layer flow. 
To insure that the fluctuations recorded from the hot-wire circuit 
were not originating from vibration of the probe or the wire itself two checks 
were made. A separate wire was mounted on a strut and towed about 18 ft to 
one side of the model. For the same signal amplification no response was ob- 
tained from this wire while at the same time wires in the boundary layer of 
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TMB. MODEL 4083 


MODEL OF 612-FT, 339S0-T0N TANKER: § 
LINEAR RATIO 24 MODEL LENGTH 255 FT. 
EQUIPPED WITH HOT-WIRE PROBES 
FOR BOUNDARY LAYER SURVEY 
ICTIONAL RESISTANCE RESEARCH 
NS 715-052 


Figure 6 - TMB Model 4083 Showing Distribution of Hot-Wire Probes 
with Insert Enlargement of 4 Probes 


the model showed turbulent flow. The second check consisted of moving a hot- 
wire probe in and out of the boundary layer by means of a micrometer screw. 
When the wire was within 0.3-inch of the surface the response of the wire was 
characteristic of turbulence. The intensity of turbulence decays toward the 
"edge" of the layer and beyond this the flow was found to be without 
fluctuation. 


TEST CONDITIONS 


Surveys of the boundary-layer flow were made under four conditions. 
For the first condition the model was towed without any turbulence stimulator. 
For the second, a series of tests were conducted in which a 1/8-inch rod, held 
vertically in the water, was placed successively at 24, 48, and 192 diameters 
forward of the model stem, i.e., at 3 in., 6 in., and 24 in., respectively. 
For the third condition, records of the boundary-layer flow aft of a 0.032- 
inch trip wire, tacked around the girth of the model, were obtained. Finally, 
similar measurements were made with a fine-grain sand strip, 7/8-inch wide, 
in place of the trip wire. Location of these stimulators and their pertinent 
dimensions are given in Figure 9. For each of these conditions of stimulation 
the model was ballasted to correspond to the ship displacement of 33,950 tons 
of sea water at zero trim. The model was towed at 15 speeds in the range be- 
tween 0.4 and 3.50 knots corresponding to 1.96 and 17.15 knots for the ship. 
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R = 11.3 x 10° Transitional Flow U = 1.6 knots 


a i 
HN 


R = 12.7 x 10° Transitional Flow U = 1.8 knots 


a iM 


Transitional Flow 


Turbulent Flow U = 3.25 knots 


Figure 7 - Characteristic Oscillograms of the Development of 
the Turbulent Boundary Layer at Hot Wire 17 Without 
Artificial Turbulence Stimulation 


The low speeds are of particular interest in that the development of the tran- 
sition zone and the regression of the laminar area can be followed. 

After the boundary-layer surveys the probes were removed from the 
model and resistance tests were made to obtain a record of the changes pro- 
duced on the drag of the model by the use of the various stimulators. In all 
these tests care was taken to duplicate the conditions which were imposed for 
the boundary-layer surveys. It must be noted, however, that in order to in- 
stall and to remove the trip wire and sand strip all of the ballast (3900 1b) 


x-Reynolds number, R = 6.54 x 105 ; Towing speed U = 0.50 knot 
Laminar Oscillations 


R = 18.3 x 105 Transition U = 1.40 


Figure 8 - Oscillograms of Oscillations in the Laminar Boundary Layer 
at 7.75 Ft from Bow and 1 Ft Above the Keel of Tanker Model 4083 


had to be removed, the model taken out of the water, the stimulator changed 
and the reballasted model again connected to the dynamometer for the succeed- 
ing test. A uniform waiting period between runs was adhered to which provided 
a lapse of 15 minutes between the starts of successive runs. In all these 
tests an effort was made to conform to present practices for conducting resist- 
ance tests at the Taylor Model Basin. 
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Turbulence Rod Supported by 
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Stations 4 


Figure 9a - Positions of Turbulence Rod, Corresponding to 24, 48, and 
192 Rod Diameters Forward of Model Stem 


Stations 6 


}<§—— 3.0" 


! 0.032" Trip Wire 
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Figure 9b - Location of Trip Wire at 5 Percent of Length from Bow 


Stations 6 


7" 
Fine Grain Sand Strip le 5 


Figure 9c - Location of Sand Strip; Average Grain Diameter, 0.028 Inch 


Figure 9 - Details of Devices Used to Stimulate A 
Turbulent Boundary Layer on Tanker Model 


ANALYSIS OF RESULTS OF BOUNDARY-LAYER SURVEY 


THEORETICAL BACKGROUND 


A well developed theory of the stability of laminar flow exists and 


may be put to use in the interpretation of results of these model experiments. 


It appears worth while at this point to give a brief summary of this theory. 


An extensive amount of literature has accrued during the past 70 years on the 


subject of laminar stability. 


A recent and very thorough treatment has been 


rendered by C.C. Lin* and much work has also been done by Schlichting which is 
conveniently summarized in Reference 5. 


STABILITY THEORY OF LAMINAR FLOW 


Modern theory holds that transition from laminar to turbulent flow 
is the result of a stability phenomenon. The most successful mathematical at- 
tacks on the problem have been those in which a small disturbing flow, or 
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oscillation, is added to the basic laminar flow which is known to be well rep- 
resented by the Navier-Stokes equations. 

For two-dimensional flows of the boundary-layer type a periodic dis- 
turbance wave is specified by 


ta(z— ct) 


v(x,y,t) = dly)e [1] 


where w is the disturbing stream function, 
@ is the amplitude of the disturbance flow (¢ is complex), 
a is the wave number 5%, l being the wave length, 
C= C tic, where C. is the wave velocity and Cy is the amplification factor, 


x is a coordinate measured from the leading edge of the body in the di- 
direction of flow, 


y is a coordinate measured perpendicular to the flow from the boundary 
of the body, and 


t is the time. 


The following linearized disturbance differential equation in ¢ is 
then derived from the Navier-Stokes equations: 


[uly) - c][¢" - a? ] - U"¢ = Sa(g""! - 2a°¢" + oa) [2] 


where u(y) is the dimensionless velocity distribution of the main flow, and 
R is a boundary layer Reynolds number defined py CEE, o* being the displace- 
ment thiekness and v the kinematic viscosity of the fluid. All velocities 
have been referred to a velocity U and all lengths to a boundary-layer dis- 
placement thickness 6* so that Equation [2] is dimensionless. Primes indicate 
differentiation with respect to y/é*. 

The problem becomes one of finding a relationship of the form 


Cy = g(a,R) 


from which the curve of neutral stability Cy = 0 may be drawn in the @,R plane. 
In this way the stable areas (Cc, <0) may be graphically separated from the 
values of @ and R which will give instability, (C, > 0). 

The results of such a calculation made by Lin for the Blasius flat- 
plate flow are given in Figure 10. Here it is seen that below the lower crit- 
ical Reynolds number os = 420 all disturbances are damped. The theory has 
been successfully checked by experiment ;* the agreement of theory and experi- 
ment is indicated in Figure 10. 

Similar calculations made by Schlichting and Ulrich for boundary- 
layer flows with various pressure gradients are of great help in interpreting 


the flow about a ship model. They computed the stability regions for flows of 
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the Pohlhausen type® which are given by 


2 
Beles ta 
6? aU dU 


where A = — —-, 
vy dx’ dx 
Pohlhausen boundary layer thickness ° 
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being the velocity gradient, and 6 is the so-called 


Data from experiments of Schubauer 
/ and Skramstad (from Reference 3) 
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Figure 10 - Curve of Neutral Stability Calculated 


By Lin for Blasius 


' Flat Plate Flow 


(From Reference 4) 


The stability calculations 
for various have produced the rela- 
tionship between lower critical Reyn- 
olds number and A, as shown in Figure 
WW. 
ing pressure (increasing velocity, 
A > 0) in the direction of flow are 


favorable to the stability of the lami- 
nar layer and that increasing pressures 


(A < 0) are unfavorable. 

It must be pointed out that 
the theory does not predict the po- 
sition of transition. The instabil- 
ities which may arise take time to 
amplify to the state at which they 
produce transition. Hence it may 
be expected that the transition Reyn- 


olds number is much greater than the 


Here it may be seen that decreas- 


Lower Critical Reynolds Number 


-4 
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Figure 11 - Critical Values of Ryx 
as a Function of the Velocity 
Gradient Parameter & 
(Computed by Schlichting and 
Ulrich, see Reference 5) 
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lower critical Reynolds number computed from this theory. The theory does not 
relate the onset of instability to surface roughness, nor predict the magni- 
tude of the velocity fluctuations produced. However, the mathematical work | 
clearly shows that only certain disturbances at sufficiently high Reynolds 
numbers will produce instability and also predicts the effect of pressure 
gradients on the stability of the flow. Many of the results obtained from the 
tests on the tanker model may be interpreted in the light of this theory. 


QUALITATIVE ANALYSIS 
Condition 1 - No Stimulation 


The qualitative analyses of the boundary-layer flow on the tanker 
model without any stimulation are summarized in pictorial form in Figure 12. 
These results show, first of all, that a considerable portion of the wetted 
surface is covered by laminar flow, 20 percent at 0.5 knot and 3.3 percent at 
3.5 knots. Further, it appears from the shape of the laminar region that 
transition occurs earlier near the free surface. Such a condition implies 
that more destabilizing influences are present here than at points below the 
surface. Destabilizing effects may conceivably arise from additional vortic- 
ity generated at the free surface and also from surface waves which may be 
interpreted, by a Fourier analysis, to contain disturbances of all frequencies. 
As shown in the preceding section, the stability theory predicts that only 
certain types of disturbances will cause transition. Hence it appears more 
likely that with a wide spectrum of disturbance frequencies available to the 
boundary layer near the surface, transition will occur earlier here. It is 
expected that such influences as are peculiar to the free surface would decay 
exponentially with depth so that transition along deeper streamlines would 
occur farther along the body. 

It must be noted in this case that the outlines of the regions of 
laminar, transitional, and turbulent flow are approximate because the deter- 
minations were made at discrete points. For example, no wires were placed 
very close to the water surface, and hence it is quite possible that there is 
a strip of transitional and turbulent flow near the surface extending farther 
forward than indicated in Figure 12. In addition, the boundary-layer patterns 
are in some instances given for a range of speeds. It is reasonable to assume 
that these patterns varied within these speed ranges. In view of the fixed 
hot-wire positions, however, such small changes that may have been present 
were not detected when they occurred between stations of observation. 
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The manner in which the laminar area S, diminishes as the model Reyn- 
olds number increases is of considerable interest. The ratio of Sy, to the 
wetted surface S of the model at rest is plotted against the Reynolds number 
in Figure 13. For comparison a hypothetical curve has been computed for a 
flat plate with the assumption that the Reynolds number of transition Ry is 
constant at 10° and that there are no disturbances arising from the plate 
eiges or the water surface. Admittedly, this latter assumption is an over- 
simplification and amounts to specifying the largest possible laminar region 
for a given R,- This computed curve is a branch of an equilateral hyperbola 
and the curve of S/S for the ship model has much the same shape between 
x/L = 0.35 and 0.128. In contrast, however, a wedge of the side area from the 
bow to x/L = 0.128 remains constantly laminar between model Reynolds numbers 
Tice tomo: 10°.  Therarea S, then continues to decrease for R > 11.0 x IO’. 
This constancy of Sy, over a range of Reynolds numbers may be attributed to the 
stabilizing effect of the negative-pressure gradients which are known to exist 
over this portion of the hull and also to the fact that surface disturbances 
cannot be diffused rapidly enough to affect the region forward of Station 2. 
The fact that negative-pressure gradients extend over at least the first 10 


Computed for flat plate taking R= 108 
and assuming no effects from free surface 
or from plate edges. 


Curve deter- 
oe mined from hot-wire 
survey of tanker model 
(TMB Model 4083) without 
stimlation 


0.04 


x' is the arc-length along the 
waterline at mid-draft. 


2.0x10° 4.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0 
Reynolds Number R = = 


Ratio of Laminar Area to Model Wetted Surface at Designed Displacement 


Figure 13 - Variation with Reynolds Number of Area 
Covered by Laminar Boundary Layer 
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percent of the model length has been shown’ for models of U-shaped bow sec- 
tions. The reference cited reports similar boundary surveys made by visual 
methods at the National Physical Laboratory in England. The conclusions de- 
duced from British tests,’’® are largely substantiated by the present hot-wire 
survey. Furthermore, exploratory experiments made by W. Hinterthan at the 
Taylor Model Basin—using a chemical technique to determine the character of 
the boundary layer flow on models and flat plates—have also confirmed the gen- 
eral shape of the laminar region as found by the hot-wire method. 

An additional result from the TMB survey is that the flow on the 
bottom, 3 ft from the bow and 4 inches off the centerline (G), was turbulent 
at speeds as low as 0.8 knot, or R = 3.44 x 10°. At this value the mean po- 
sition of transition on the side was found to be much farther aft at x = 6.9 
ft. Evidently the flow immediately enters an unstable region just after rapid 
passage around the turn of the bilge forward of Station 2. This effect is 
also noted in the British paper.” < 

A curious result was obtained from the first series of tests in 
which the model was towed without turbulence stimulation. Analysis of the 
hot-wire responses produced sketches of the regions of the laminar and turbu- 
lent boundary layers at each speed similar to that shown in Figure 14a. It 
was suggested that these anomalous results were caused by minute paint parti- 
eles. Upon close examination of the surface small regions of roughness were 
found where the model had been repaired with shellac. The rough spots of 


ROUGH PAINT REGION 
TURBULENT TRANSITIONAL (ABOUT 0.01 INCH IN HEIGHT) 


LAMINAR 


Figure l4a - Turbulent Pattern Caused by Paint Roughness 


uu 
Towing Speed = 1.40 knots }+——— 30 aa | Modél Reynolds Number = 6.02 x 106 


Figure 14> - Laminar Pattern Found After Rough Paint Region was Smoothed 


Figure 14 - Boundary-Layer Flow Patterns Showing the Effect of 
Small Surface Roughness 
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height not exceeding 0.01-in. were found to be directly in the line of flow 

of the "peninsula" of turbulence shown in Figure 14a. The surface was care- 
fully rubbed down and refinished and the entire test repeated. The repeat 

test gave patterns of which Figure 14b is typical. Dryden’ has reported a sim- 
ilar phenomenon. He found that a thin layer of dust on a flat plate tested in 
a wind tunnel was sufficient to cause an anomalous boundary-layer flow-pattern. 
These results clearly show that in order to obtain repeatable data the surface 
of the model must be kept extremely smooth and clean. 


Condition 2 - Stimulation by Rods 


Three surveys were made with a 1/8-inch-diameter circular cylinder 
or rod placed vertically in the longitudinal & plane of the model at distances 
forward of the stem of 24, 48, and 192 rod diameters (3, 6, and 24 inches). 
They produced the distributions of boundary layer flows shown in Figure 15. 
From these sketches it is seen that at a distance of 48 diameters the rod stim- 
ulates the boundary layer more effectively than at the other positions. It is 
interesting to note that, with the rod 192 diameters forward, at speeds great- 
er than 0.8 knot the shapes of the laminar and transitional areas are different 
from those found for the other rod settings, indicating stronger stimulation in 
the neighborhood of the forefoot than at the water surface. From this it 
would appear that the turbulence produced by the rod decays more rapidly at 
the surface than at keel depth. However, since no information on such phe- 
nomena is believed to be available at this time no authoritative statement 
can be made. It is expected that quantitative measurements of the decay of 
turbulence behind rods which are to be made at the Taylor Model Basin will 
provide sufficient data to determine the best position of the rod for adequate 
stimulation. 


Condition 3 - Stimulation by Trip Wire 


Results of the boundary-layer survey made with the 0.032-inch trip 
wire in place are summarized in Figure 16. The rapid change in the position 
of transition behind the trip wire agrees with the result obtained from meas- 
urements in a water tunnel on two bodies of revolution.*® A plot of the var- 
iation of the minimum distance of transition from the stem with wire Reynolds 
number from the tanker test is given in Figure 17 together with curves deduced 
from the data given in Figure 13 of Reference 10. Both sets of data exhibit 
Similar change in the position of transition with wire Reynolds number. The 
local wire Reynolds number increases with depth on the ship model because of 
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Sta. 6 4 2 
SSIS Ve 
U=0.4-0.5 knot R, =5-6.2x10° U = 1.0 knot R, = 2.5x10° 
aURe Sue E 5 AU Sie ¥ 5 
Je = 0079-0099 F=0.17 R=17- 21x10 Je = 0.198 = = 0.03 R= 43x10 


U = 0.60 knot R, = 6.4x10° U=1.2-1.8 knots - R, =2.4- 3.6 x10° 
+ = 0.119 SL 0.14 R= 25.8x10° Ge" 0.238 -0356 +003 R=52-77xl0° 


U=0.80 knot R, = 4.8 x 10° U=2.0-3.5 knots R, = 5-8.8x10° 
we om : SiepaUes Su. : 5 
Fp = 0-158 + = 0.06 R=34x10° 7 =0.396 - 0.693 _=0.003 R=86 - I50x10 


Figure 16 - Boundary Layer Flow Conditions on Tanker Model 
with Trip Wire as Turbulence Stimulator 


the greater flow velocity toward the turn of the bilge. This probably ex- 
plains the observed pattern of transition shown in Figure 16 where it is seen 
that transition occurs closer to the stem with increasing depth along the hull. 


Condition 4 - Stimulation by Sand Strip 


Data obtained from the boundary-layer survey made with the fine- 
grain sand-strip are summarized in Figure 18. The pattern of the flow aft of 
the sand strip at low speeds was found to be considerably different from that 


obtained with the trip wire. 


COMPARISON OF EFFECTIVENESS OF VARIOUS STIMULATORS 


A summary of the boundary layer surveys made with the various meth- 
ods of stimulation is given in Figure 19. Here it may be seen that the 1/8- 
inch rod at 48 diameters is more effective in producing a turbulent boundary 
layer than any of the other devices. However, it must be remembered that this 
is a qualitative study and hence there is no guarantee that the intensity and 
scale of turbulence induced by the rod are of the proper magnitude. Quanti- 
tative determination of the intensity and scale of turbulence under basin 
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TMB Tanker Model 4083 
Z| Wire Diameter d = 0.032" 


d = 0.036" ee and Preston 


d = 0.0235" J Model IL 


Taam: Cememe 
Oe ame ee 
Pee eer We 
Cee ara 


10) 100 200 300 400 500 600 


Minimum Transition Distance from Stem 
Distance of Trip Wire from Stem 


Figure 17 - Comparison of the Position of the Onset of Transition 
on TMB Tanker Model and on a Body of Revolution 


The trip wire Reynolds number is based upon the free-stream speed U for both models. 


conditions cannot be accomplished with the hot-wire apparatus at the present 
state of development. It is, nevertheless, important to be able to delineate 
the regions of laminar, transitional, and turbulent flow and for this reason 
the qualitative application of the hot wire is extremely useful. In addition, 
the results of the survey may be used to obtain a numerical estimate of the 
error or decrement in the frictional resistance of the ship model, as shown 
in the next section of this report. 


QUANTITATIVE ANALYSIS OF HOT-WIRE DATA 


An estimate of the decrement or "error" in the frictional resistance 
of the ship model can be obtained from the qualitative determination of the 
boundary-layer flow. The formula used to estimate the frictional resistance 
of any model expresses the turbulent frictional drag of a flat plate of the 
same length and wetted surface and towed at the same Reynolds number as the 
model. Hence the region on the model which is covered by laminar flow does 
not contribute as much resistance as “it would were it covered by a turbulent 
layer. The decrement in the frictional resistance may be taken as the differ- 
ence between the turbulent and the laminar drag of that region of the hull 
which has been found to be covered by a laminar boundary layer. 
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Fine Grain Sand Strip 7/8" Wide; 20/30 Sand 
of Mean Diameter 0.028" 


U=0.40 knot Ry = Y Uae knots, Ry 25.7 x10” 
Je Le pe p the . R= 5 
JE 70.079 F=0.20 R=ITxI0° H=0238,  =0.062; R=52 x10 


U=0.5-0.6 knot R,=6.1-7.3x10° U=1.4 knots R, = 3.3 10° 
Uv 
vo 


=0.099- 0.119, St = 0.17; R=21-26x10° Jp 0-275; 2 -0,03; R=60x1l0° 


U=1.6 knots R, = 3.8 x10° 


Ub. vel | Alinco 5 OW jsp Se ae 5 

FE 70.158; S=ON; R=35x10° 7=0.317; = 0.03; R= 69x10 

U=1.0 knot R, =6.9x10° U=1.8-3.5knots R, = 4.2 -8.3x10° 

U .ojog: SL - bs ip Ue . SL 50.03; R= 
FE 20.198; “J = 0.091; R= 43x10 7 =0.357- 0.693; 5 = 0.03; R= 77-150x10 


Figure 18 - Boundary Layer Flow Conditions on Tanker Model 
with a Sand Strip as Turbulence Stimulator 


Definitions of symbols are given in Figure 10. 


A simplified expression for the decrement in frictional resistance 
may be obtained from the following exact expression: 


J. ee 2 in) cos @ ds [4] 


Ca 2 Tit ee oe Te 
ee: cos ¢ ds 
S 


m 


where é is the ratio of the decrement of the model frictional resistance to 
the total model turbulent frictional resistance, 


7 is the laminar shearing stress, 
T' is the turbulent shearing stress on the model, 
ds is an element of model wetted area, 


@ is the direction angle between the longitudinal centerline of the 
model and the shear force, 


Sy, is the hull area covered by a laminar boundary layer, and 
S is the wetted surface of the model at U = 0. 
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Tt is not possible to calculate ¢_ from [4] without detailed knowledge of the 
variation of EATEN and g over the entire model. The usual approximation 

must be employed, viz., that the integral of the shear forces over the hull is 
equal to the drag of a flat plate of the same wetted surface towed at the same 
Reynolds number. Since only the ratio of the integrals is desired this approx- 
imation to the exact ratio should be good. Therefore Se may be approximated 


by the decrement for a flat plate , that is 


I op) al 
a haa (5] 
ne Oo ee 
Ss 


where +r! and 7 are the shearing stresses for a flat plate in turbulent and 
laminar flow respectively. 

Equation [5] will be expressed later in terms of the Schoenherr 
frictional-resistance coefficient but at first it is desirable to obtain & as 
a simpler function of the Reynolds number, inasmuch as the Schoenherr coef- 
ficient cannot be written in explicit form. To obtain an elementary form for 
&€, the law of Blasius for the laminar shearing stress and the Prandtl-von 
Karman formulation?! for turbulent shearing stress are assumed: 


: 
7 = 0.33242" (for laminar flow) [6] 
and 
1/5 
r! = 0.0296pU2(—— (for turbulent flow)* [7] 
Ux 


where uw is the absolute or dynamic viscosity of the fluid, 
is the mass density of the fluid, 

is the speed, 

is the distance from the leading edge, and 

is the kinematic viscosity of the fluid. 


ez xs Ga} 


Substituting Equations [6] and [7] into [5] and integrating gives 


L(x) 


Fees (1 - 18 R,°*) [8] 


*It will be noted that the numerical coefficient in the expression for r' is given in Reference 11 
as 0.0288. Schlicht ing® has recommended the slightly larger coefficient to give better agreement with 
experimental data. ‘ 
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where Ry is the x-Reynolds number, 


x is the linear extent of the laminar region on the flat plate taken 
to be the are length along the half-draft water line to the boundary 
of the laminar region on the ship model,* and 


R is the model Reynolds number. 


For a flat plate without disturbances arising from the lower edge or from the 
water surface we may assume that the transition Reynolds number R, is a con- 
stant. From this it follows that: 


iS) R 
L X 
os 9] 


So that Equation [8] becomes 


0.8 


Ais (=) Cy ae A) [10] 


Since on this ship model transition occurs, on the average, at R, =mTOn Equa- 
tion [10] reduces to 


BU es W52 se alO- kh [11] 


Thus for the hypothetical case of the flat plate the decrement of 
frictional resistance in percent of the total turbulent frictional resistance 
decreases almost hyperbolically with Reynolds number. 

However, the Reynolds number of transition Ry» and hence Sy, is from 
a consideration of theory and experience, a function of the pressure gradients, 
disturbances arising at the water surface, and the characteristics of the free- 
stream turbulence. Roughness of the model surface would also greatly affect 
the location of transition. However, only hydraulically-smooth surfaces are 
considered in the foregoing derivations. 

Since S/S and Ry have been determined from the hot-wire surveys on 
the tanker model at various values of R, § for the model computed from Equa- 
tion [8] may be compared with é' for the flat plate, computed from Equation 
[11]. These values are plotted as functions of model Reynolds number in 
Figure 20. Included in the same figure is the decrement in terms of the 
Schoenherr frictional resistance coefficients as defined by the following 
equation: 


*Although this definition is arbitrary it is believed to give an average value for the linear extent 
of the laminar region which is sufficiently accurate for the approximate calculations made in this 
report. 


[12] 
g/L; 
Og (ial 
where & is the decrement computed using Schoenherr coefficients, 
Cr is the Schoenherr frictional coefficient, and 
Cer, = 1.328 Rane is the Blasius laminar frictional coefficient. 


As was to be expected, the agreement between Equations [8] and [12] is very 
good. However, for the sake of consistency with present practice, values of 
€ determined from the Schoenherr coefficients will be used. The Schoenherr 
coefficients are conveniently tabulated for various Reynolds numbers in a 
Taylor Model Basin report.** 

In a similar way a quantitative estimate of the effectiveness of the 
various stimulating devices may be obtained by calculating the increase in the 
frictional resistance of the model with turbulence stimulation over the fric- 


tional resistance without any stimulation. This may be expressed in terms of 
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free surface or edges; constant transition Reynolds 
number R, = 10°) 
| | | | 


g Sr 

From Equation [8] evaluated with —— data. 

from hot wire survey on tanker model. 

(Based on Prandtl-von Kérm4n friction 
formulation) 


(a - 


Decrement of Frictional Resistance in percent 
of Total Model Turbulent Frictional Drag 
r<) 


E From Equation [12] for tanker model 
4 (Based on Schoenherr frictional 
coefficients) 


| | Designed — =0.70 
(Fresh Water at 74° F.) 


° 2.0x10 4.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0 
Model Reynolds Number 
l { ! ! ) 
0.10 0.20 0.30 0.40 0.50 0.60 0.70 


.. U 
Speed Length Ratio = 
pe 9 ic 


Figure 20 - Decrement of Frictional Resistance with no Stimulation 


the decrements calculated for the nonstimulated and the stimulated condition, 
WIZ o> 


AC’ i a 
Cc = Br . §5 [13] 
f 
AC. 
where C' is the ratio of the increase in frictional resistance to the equiv- 


alent flat-plate resistance as computed from the boundary-layer 
survey data, 


é, is the computed decrement of resistance caused by the laminar 
flow over tne model without turbulence stimulation, and 


§ is the computed decrement of frictional resistance caused by the 
laminar flow which persists when the model is towed with a stimu- 
lator. 

Curves of ACt /C', have been drawn on Figure 21 where it may again be observed 
that the turbulence rod appears to be relatively better than the other devices 
which were tested. It should be noted, however, that the values of AC at 
low Reynolds numbers (R < 6 x 10°) are probably somewhat high because of the 
extensive region of transitional flow obtained with turbulnnce stimulation, as 
shown in Figure 19. No allowance has been made for the decrement arising from 
transitional flow in any of the calculations. 

It now remains to show that the predicted increases in resistance ob- 
tainea from the boundary-layer surveys can be correlated with the increases 
measured by the towing dynamometer under the same conditions of stimulation. 


Note: Relation of scales of z and R 
valid only for fresh water temperature of 74° F 
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Figure 21 - Curves of Computed Increase in Frictional Resistance of Tanker 
>] Determined from Boundary-Layer Surveys with Various Stimulators 
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QUANTITATIVE ANALYSIS OF RESISTANCE TEST DATA 
WITH AND WITHOUT STIMULATION 


The. resistance test of a model provides a relationship between the 
total measured resistance R, and the towing speed U. As is well known the 
model towing speed is determined so that the Froude number, U/VgL, is the same 
in model and prototype dimensions. Froude's basic assumption as used today 
may be stated: 


mili) _ mG) aC 
50 i SUA ai SUn oe 
or 
C, = Ch. + Cp [14a ] 


where Ry is the total resistance, 
R., is the so-called residuary resistance, 
R, is the frictional resistance of the model, 
is the mass density of the fluid, 


p 
g is the acceleration due to gravity, and 
,C 


if 


CC, 


In order to scale the residuary resistance the model must be towed at the same 


f are the corresponding resistance coefficients. 


Froude number ,* whereas to scale the frictional resistance the model must be 
towed at the same Reynolds number. This incompatible situation is -circum- 
vented by assuming that the frictional resistance of model and prototype may 
be calculated from the empirical laws for the frictional resistance of flat 
planks having the same wetted surface and towed at the same Reynolds numbers. 
A summary of the experimental and theoretical work in regard to flat-plate re- 
sistance has been given by Davidson.’® The details of the method used at the 
Model Basin are reported in Reference 12. 

Although the use of a device to stimulate turbulence represents an 
effort to make the flow about the model similar to that about the prototype, 
the stimulator itself may introduce additional forces or modify the flow to 
produce effects on the drag of the model which are undesirable. A sand strip 


*Actually, Froude's assumption is an oversimplification because the residuary resistance as calcu- 
latec involves quantities which are not independent of the Reynolds number. The residuary resistance 
is the sum of the wave resistance, the viscous pressure drag and the additional frictional forces which 
arise from the curvature of the form and the surface roughness. Each of these terms is dependent more 
or less on the model Reynolds number. 
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and a trip wire have drag forces of their own and a turbulence rod produces a 
wake which alters the pressure distribution over the bow and also produces 
some effect on the wave resistance. 

Tests with and without a turbulence stimulator give changes in total 
measured resistance AR, which may be written 

AR, = ARe + AR, + D. (5) 
where the A's indicate the actual changes in the various resistances and D. 
is the drag (or undesirable effect on drag) of the stimulator itself. 

For purposes of fairing the data it is convenient to compute a so- 
called residuary-resistance coefficient by approximating the friction drag of 
the model with flat-plate friction data. Then 

R, - R. 
Gn cee eet [16] 
2 

where Rp is the resistance of a flat plate at the model Reynolds number and 
having the same length and wetted surface as the model. The change in the 
measured total model resistance with turbulence stimulation is then reflected 
as a change in the computed residuary-resistance coefficient or AC., = AC, . 
Equation [15] may be transposed and put into nondimensional form to give 


Ci Cas RE [17] 


where Cr is the Schoenherr frictional-resistance coefficient for flat plates. 
It is usually assumed that the total increase in resistance with turbulence 
stimulation is due entirely to a change in the frictional resistance, or 

AR, = 0. This is a convenient and necessary assumption since it would be ex- 
tremely difficult to estimate AR. with accuracy. 

The Prandtl assumption that the turbulent boundary layer behaves as 
though it started at the leading edge may be applied with particular confi- 
dence in the case of large models since the transition region is relatively 
close to the bow. Hence the flow over the after portion of the model would 
not be affected appreciably by the stimulation of turbulence and the residuary 
resistance will be nearly unaffected. The assumption that AR. = 0 is then 
quite acceptable. An attempt can be made to estimate De, however, at least in 
the cases of stimulation with trip wire and sand strip. 


Be 


CORRECTION FOR DRAG OF A TRIP WIRE 


Experiments conducted by H. Schlichting** have shown that the incre- 
ment of drag induced by an isolated roughness (small protrusion) in the bound- 
ary layer of a flat surface may be closely approximated by the drag of the 
same roughness placed in a free stream where the speed is equal to the 
boundary-layer velocity at a distance from the surface equal to the height of 
the roughness. The drag of a trip wire may therefore be approximated by 


mee) 2 
D, = 5Cpdlu [18] 


where u is the speed in the boundary layer at a distance of the wire diameter 
d from the surface, 


is the drag coefficient of an infinite cylinder subjected to the free 
stream velocity U = u, and 


1 is the wire length. 


The velocity u may be conveniently estimated from Pohlhausen's orig- 
inal approximation® for the laminar velocity distribution, which is 


3-9 -@) 7 


where y is the distance along a normal to the surface and 6 is the boundary 
layer thickness, i.e., the value of y at which u = 0.99U. 

The boundary-layer thickness which is derived for this velocity dis- 
tribution is given by the formula: 
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where x is the longitudinal distance from the leading edge, and R, is the x- 
Reynolds number, Ux/v. 

To compute the boundary layer velocity u at the height of the "rough- 
ness" let y = d in Equation [19]. Then 


(9) a 


Since d/é varies between 0.11 and 0.17 between towing speeds of 1.0 and 3.5. 
knots it was considered sufficiently accurate to drop the square term and use 


U _ abel 
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The equation for the wire drag as a fraction of the computed frictional re- 
sistance of the model is: 


BEES BY iota A ea [22] 
fe 


where R is the model Reynolds number and L is the model length. As a conse- 
quence of Equation [22] the smallest possible wire for adequate stimulation 
should be used, since the drag of the wire varies directly as the cube of its 
diameter. 

For the range of wire Reynolds number, 1.5 x 10° S$ Ue <102 the value 
of Cy is found to be about 1.2, (see, e.g., Reference 15). Substituting the 
values, d = 0.00267 ft, J =4 ft, S = 128.8 ft®, x = 1.25 ft and L = 25.5 ft 
into Equation [22] and inserting the results into Equation [17] gives 


AC, AC PR 
at HO) oO [23] 
Gi ot 


C 
c “fF ‘ 


Curves of AC, /C and AC,/C'p from Equation [23] are plotted in Figure 22. It 
may be observed that the curve of measured resistance corrected for wire drag 
agrees quite well at the higher Reynolds numbers with the calculated curve of 
ACF /C'n . This ratio is obtained by the evaluation of Equation [13] using the 
data from the boundary-layer surveys made with and without the trip wire. 


CORRECTION FOR SAND-STRIP DRAG 


Similar calculations have been made with the data obtained from the 
resistance tests with and without a 7/8-inch wide sand strip. The sand-strip 
drag is assumed to be that of a trip wire, having a diameter equal to 0.00233 
ft, the mean height of the sand strip. Thus for the sand strip, the corrected 
curve for the increase in resistance was calculated from 


AC AC, COR 
Cie Oren 0.015 x 107 Ce [24 ] 
f f 
AC AC 
The curve of Equation [24] is given with that for Ch = cy in Fig- 
ure 22 where it may be observed that the corrected curve from drag measure- 
ments agrees fairly well with the curve computed from the boundary-layer sur- 


_ vey data with and without the sand strip. 
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Definitions 


ac, is the measured increase in model resistance 
100 >t with turbulence stimulation in percent of the 
f computed model frictional drag. 


ac, 18 the measured percent increase in model re- 
-——-100t sistance with correction for the stimlator; 
f see Equations [23], [24], and [25]. 


is the computed increase in model resistance 
cone oo Set obtained from hot-wire survey of the boundary 
layer with and without stimulation of turbulence. 


Increase in Model Resistance in Percent of Computed Frictional Drag 


The computed model frictional drag is Ry = 12 1b at 


Figure 22 - Curves of Increase of Resistance of Tanker Model Obtained | 
with Various Stimulators as Derived from Drag Tests 
and Boundary Layer Surveys 


CORRECTION FOR TURBULENCE ROD 


Direct calculation of a correction for the undesirable effects of 
the turbulence rod on the flow about the ship model is very difficult. The 
rod produces a wake or a reduction in the flow velocity in a narrow band at . 
the bow of the model. Quite recently measurements have been made in the TMB 
model circulating-water channel of the wake behind a circular cylinder. At a 
position 48 diameters aft of a 1/8-inch rod the average value of the velocity 
is about 0.93 U for a rod Reynolds number of 1900. At the bow of the ship 
model this wake effect is distributed over a width of about one inch. One 
might imagine that the wave resistance of the model is also influenced by the 
wave pattern set up by the rod. Some idea of the magnitude of the combined 
wake and wave effect of the rod on the model resistance may be obtained from 
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the assumption that the total change in resistance of the model is the same 
regardless of the particular stimulator employed if the corrections for the 
extraneous effects of the stimulator are made. Making use of the results of 
the test with the trip wire, the corrected increase in resistance 


ry fe 8 e 
Gy me NOY R: Ge NnGy s 
f rod f f Jrod f wire 


where Dy is the estimated wake and wave effect of the turbulence rod, and é 
is the decrement of frictional resistance arising from the laminar flow for- 
ward of the trip wire. ; : 

The increase of model resistance AC, /C,, obtained from drag measure- 
ments with the rod is plotted in Figure 22 together with the corrected in- 
erease (4c,./Ci yu obtained from Equation [25]. At Reynolds numbers greater 
than 7 x 10° the agreement of the corrected curve with the increase AC’. /C 
derived from the results of the hot-wire survey is fair. The calculated cor- 
rection to the drag data for the additional effects of the rod is seen to be 
from 2 to 3 percent of the calculated model frictional resistance. 

In all three cases of turbulence stimulation the findings of the 
hot-wire survey are in good agreement with the results of the resistance tests 
corrected for the undesirable effects of the stimulators. 


CONCLUSIONS 


A general conclusion which may be reached as a result of these ex- 
periments is that the hot-wire technique can be used in water to map qualita- 
tively the regions of laminar, transitional, and turbulent flow in the bound- 
ary layer of any model. With such a qualitative picture a close study of the 
effects of various turbulence stimulators can be made and a good estimate of 
the increase in resistance produced by each stimulator can be accomplished. 
Even for this particularly large model the hot-wire investigation has shown 
that the extent of laminar flow would lead to a sizeable error in the pre- 
diction of the power required for the prototype. Moreover, it is now very 
clear that stimulation should be employed on all full-form models and should 
never be omitted in series tests where the effects of progressive geometrical 
changes are sought. 

The selection of the best device for stimulating turbulence cannot 
be made on the basis of these limited experiments. The turbulence rod has the 
effect of converting the entire laminar region to turbulence at a speed lower 
than was possible with either the trip wire or the sand strip used in these 
tests. However, the resistance tests made with and without these stimulators 
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on this tanker model indicate that the turbulence rod produces a somewhat 
smaller increase in resistance than expected from the hot-wire survey. This 
anomaly may possibly be attributed to the wake set up by the rod. The wire 
and sand strip, while not as effective at lower speeds have the advantage that 
their own drag tends to balance out the drag deficiency of the laminar region 
forward of the usual position of these stimulators. 

As a result of this investigation two additional sources of turbu- 
lence stimulation were revealed. The free surface appears to give rise to 
additional disturbances which stimulate early transition. Hence the zone of 
laminar flow is reduced by this free-surface effect. Also, it was found that 
minute model-surface irregularities such as paint roughness are effective in 
producing a turbulent boundary layer. This suggests that a few isolated but 
judiciously positioned small roughnesses may be as effective as the other 
stimulators. 

A valid decision on the optimum technique for stimulating turbulence 
must await basic measurements of the shear stresses set up in the artificially 
stimulated boundary layer. Such measurements may be possible with the future 
developments of the hot-wire system for quantitative determination of the char- 
acteristics of turbulence in water. 


APPENDIX 
THEORY OF THE HOT-WIRE TECHNIQUE AS APPLIED TO THE FLOW OF WATER 


The basic theory of the hot wire has been given in the literature 
(see, e.g., References 2 and 16) but little discussion has been given to the 
particular aspects of the technique when the wire is used as a velocity meter 
in water. 

The basic equation of hot-wire anemometry may be written in the fol- 
lowing form for a wire under equilibrium conditions: 


i°RR 
RRR cane sin B [26] 
where i is the heating current, 
R is the mean resistance of the wire at operating temperature, 
R. is the resistance of the unheated wire at 0° C, 
R. is the wire resistance at the temperature of the ambient fluid, 
a 


is the temperature coefficient of resistance of the wire material 
referred to 0° C, 


Bil 


B is the angle of flow across the wire, and 
a and b are constants depending upon the wire size, and upon the ther- 
mal conductivity, density, and specific heat of the fluid. 


The constants a and b may be determined by calibration; that is by 
placing the wire in a stream the velocity of which may be varied at will. 
Equation [26] shows that the voltage drop iR across the wire is a function of 
the square root of the fluid velocity and also that the wire should be oper- 
ated in a plane perpendicular to the flow for maximum sensitivity, i.e., 


=a 
Sa 


CALIBRATION AND SENSITIVITY 


Quantitative applications of hot-wire techniques to water have been 
achieved, but only under more highly controlled conditions than those de- 
scribed in this report. For the qualitative survey conducted on the tanker 
model, wire calibrations were unnecessary and consequently, were not obtained. 
Also, provided sufficient sensitivity to velocity fluctuations existed for the 
survey, the limitations of frequency response described later in this appendix 
were not remedied. 

Calibration of hot-wires in water have been performed at the Taylor 
Model Basin and reported in Reference 1/. In spite of the added complication 
of more rapid dirt accumulation on the wire in water than in air, consistent 
and repeatable calibrations can be made by brushing the wires immediately 
prior to each resistance measurement. The two constants a and b of Equation 
[26] can therefore be determined in a stream of variable, but known velocity. 

A simple calculation of the relative sensitivity of a tungsten wire 
(0.0003-inch diameter) in air and in water, at normal operating conditions and 
at the same Reynolds number has been made. The sensitivity of a hot wire 
placed perpendicular to the stream is defined as the rate of change of E with 
respect to U for a constant i. Thus from [26] 


b(RR, )* 


(Sr) r 21R,RoV0 a 


Also, for the constant-current technique the normal operating condition in 
water is taken to be that current required to raise the temperature of the 
wire approximately 15° C above the temperature of the water at the mean free- 
Stream velocity of operation. In air a temperature elevation of 150 to 200C 
at mean free-stream velocity may be taken as normal. The comparison snowed 
the hot wire to be about five times more sensitive in water than in air at 
the same Reynolds number because of the greater thermal conductivity and 
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density of water. Since the wires used in this qualitative survey on the 
tanker model were not cleaned, it is reasonable to conclude that their sensi- 
tivities diminished during the experiment. In view of their relatively high 
initial sensitivities, however, such attenuations as might have occurred were 
not apparent in the response. A given wire reproduced qualitatively the same 
oscillogram repeatedly under the same test conditions. 


FREQUENCY RESPONSE 


The frequency response of the hot-wire circuit illustrated in Figure 
2a depends not only on the response characteristics of the hot wire itself, 
but also on the characteristics of the amplifier and recording galvanometer. 

The frequency response of a hot wire is dependent upon its thermal 
inertia or so-called thermal lag. This wire time constant is given by 


zl kms(R = Ra) [28] 
iG RER Nc: 


where k is the mechanical equivalent of heat, e 
m is the mass of the wire, and 
s is the specific heat of the wire. 


The other symbols are as defined for Equation [26] on page 36. If the ampli- 
fier employed with the wire cannot compensate for this lag, the response to a 
harmonic velocity variation of constant amplitude will be such that the ratio 
of the amplitude of the velocity change at frequency f to the amplitude at 
frequency zero is given by 


dE 1 
i Ges 29] 
dEo 1+ Un f°M 


The value of M, in water, has been measured and found to lie in the range from 
{0 to 100u sec. Consequently, a harmonic velocity variation of a given ampli- 
tude would be reduced to half value at about 4000 cps compared to its ampli- 
tude at zero frequency. 

The frequency response of the TMB Type-3A amplifier used in this ex- 
periment is constant from about 2 cps to well above 10,000 cps. On the other 
hand, the galvanometers of the 14-channel Consolidated oscillograph attenuated 
signals greater than 400 eps. In view of this instrument limitation compensa- 
tion of the amplifier for thermal lag similar to that described in Reference 
2 was unnecessary. 
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The use of a multichannel oscillograph to record a number of signals 
simultaneously imposed one other limitation on the frequencies recorded. It 
was necessary to limit the amplification to that level where legibility of a 
single trace was not obscured by the other traces. Hence in view of this fact, 
Signals of high frequencies but low amplitude were not sufficiently amplified 
and were not discernible. 

In spite of these restrictions, subsequent test records have shown 
velocity fluctuations in the order of 300 cps. Although it is assumed that 
higher frequencies were present in the turbulent boundary layers investigated, 
they were probably not recorded as a result of the amplification and galva- 
nometer limitations. 
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